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• Two-level structures consisting of the
first-order and second-order features
are designed to induce iridescent struc-
tures.

• Vibration-assisted fly cutting (VAFC)
was proposed to generate two-level iri-
descent structures in a single step.

• A VAFC platform and an optical detec-
tion system are developed to fabricate
and test the iridescent two-level struc-
tures.

• The regulated two-level structures with
high saturation and uniformity have po-
tential application in functional
decoration.
⁎ Corresponding author.
E-mail address: zhoutf@bit.edu.cn (T. Zhou).

https://doi.org/10.1016/j.matdes.2020.108839
0264-1275/© 2020 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 April 2020
Received in revised form 21 May 2020
Accepted 30 May 2020
Available online 01 June 2020

Keywords:
Microstructure
Submicron structure
Two-level structure
Structural color
Iridescence
Vibration-assisted fly cutting
The submicron-level structured surface induces viewing-angle-dependent iridescence, and haswide applications
inmulti-color printing, micro-display projection, invisibility cloak technology. In this study, several types of two-
level structures, which consist of the first-ordermicro geometric features corresponding to the pattern shape and
the second-order submicron grooves corresponding to the diffraction grating, are designed to directly induce a
variety of iridescent patterns based on their shape regulations. To fabricate these two-level iridescent structures
with high accuracy in a single step, vibration-assisted fly cutting (VAFC) is proposed. VAFC involves the low-
frequency vibration of the workpiece in the vertical direction during the feed in the horizontal direction and
the high-speed rotation of the diamond cutting tool. A 3D theoretical model is established for the numerical sim-
ulation of the generating process of the iridescent structures and the regulation of the first-order geometric fea-
ture by vibration parameters. As the key parameter to the iridescent color, the spacing of the second-order
submicron grooves is flexibly controlled by the feed rate. A VAFC platform is developed to fabricate the two-
level structures and an optical detection system is setup to test the surface iridescence. Various vivid colors are
regulated by the two-level structures with high saturation and uniformity.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Structural coloration has drawn significant interest in both academia
and industry because of its potential applications in multi-color print-
ing, micro-display projection, and invisibility cloak technology [1–4].
Structural coloration has been attributed to a physical process in
which complex interactions between submicron structures and visible
light manipulate light propagation [5–7]. The diffraction-grating in-
duced structural coloration exerts an iridescent effect such that the ap-
parent color evidently changes with the observation angle [7–9].
Iridescent color induced by reflection-based diffraction grating has bet-
ter performance than that induced by transmission-based diffraction
grating because it is not affected by materials transmittance [10–12].
This kind iridescent color provides the main way to artificially develop
structural color due to its high utilization ratio to visible light.

To fabricate structural coloration and high-efficiently produce struc-
tural color patterns, micro-nanomanufacturing technologies are devel-
oped to machine extremely uniform submicron structures serving as
diffraction gratings on surfaces for iridescent coloration. Lithography
technologies are traditional approaches to producing high-quality dif-
fraction gratings on molds for mass production of their replicates [13].
These methods can efficiently fabricate unitary microstructure arrays
but are not able to generate complex color patterns on curved surfaces.
Femtosecond laser technology has been widely applied to induce peri-
odic near-subwavelength ripples on metallic surfaces for structural col-
oration [14–16]. This technology is well known for its high production,
however it produces a semiregular grating which will affect the diffrac-
tion effect to the visible light [17,18]. Moreover, the ripple spacing in-
duced by femtosecond laser technology is subject to the wavelength
of the laser source and cannot be flexibly regulated in process, which
also restricts its application in manufacturing of structural color pat-
terns [1,17,19].

Controllable submicron structures for structural coloration on various
material surfaces can be feasibly manufactured and are used to generate
color patterns [8,20]. Guo and Yang proposed an ultrasonic modulation
machining technique referred to as elliptical vibration texturing (EVT)
to generate periodic submicron-scale ripples that function as gratings to
achieve an iridescent color. The grating spacing can be flexibly controlled
with an appropriate combination of processing parameters, and patterns
and images are produced on metallic surfaces by EVT in parallel lines
[21,22]. Suzuki and Huang also proposed amplitude-controlled,
vibration-assisted machining technology to generate novel patterns by
synchronizing the tool vibration amplitude with the tool feed position
[20,23]. However, the structural patterns and images induced by EVT
have a low resolution because of the severe distortion of the adjacent
area between two columns of gratings [8,21]. Moreover, these submicron
structures are created pixel-to-pixel to induce structural color patterns
and images by a complex tool path planning. Therefore the idea is innova-
tively and initially proposed in this research that two-level structures
with first-order geometric features corresponding to the pattern shape
and second-order submicron structures corresponding to the diffraction
grating are created to directly induce structural color patterns. Ultra-
precision sidemilling (UPSM) use servomotion to simultaneously gener-
ate primary surface and secondary micro/nano structures [24], however
it's limited by the low machining efficiency because of the needed many
steps during one two-level structures manufacturing. The end-fly-
cutting-servo (EFCS) is demonstrated to fabricate hierarchical micro-
nanostructures with high efficiency, which shows the good diffraction
performance to visible light [25,26]. However, since the second-order
submicron grooves distribute on the every rotating circle of fly-cutting
tool, EFCS cannot generate fully parallel grooves which will affect the iri-
descent effect in structural coloration. In addition, the selective local tex-
turing of the whole surface is not feasible for EFCS. To directly fabricate
high-quality structural patterns in single stepmachining， ultraprecision
technology for highly regular two-level structures is developed to induce
structural coloration.
This paper proposes a mechanical method named vibration-assisted
fly cutting (VAFC) to generate two-level structures for iridescent struc-
tures, in which the coupling motion of the fly cutting of the diamond
tool and the low-frequency vibration with of the workpiece are used
to efficiently generate two-level structures. The second-order grooves
with controllable spacing serve as micro gratings to induce iridescent
color on the workpiece surface. By regulating the processing parame-
ters, two-level iridescent structures with varying geometries can be
generated on a machined surface. The proposed technology provides a
flexible method for generating two-level iridescent structures with
varying shapes and colors, which have potential applications in micro-
optics, display devices and functional decoration.

A three-dimensional (3D) simulation model is established to dem-
onstrate the proposedmethodology and assist in the design and manu-
facture of two-level structures. The experimental setup is assembled,
and the process principle of VAFC is illustrated. The two-level structure
is regulated using appropriate combinations of processing parameters
for shape manipulation of the iridescent structures. Finally, the diffrac-
tion properties of the two-level iridescent structures are detected
using a self-established optical testing device.

2. Methodology

2.1. Principle of the iridescent color generation

Iridescent color results from both the interference and diffraction ef-
fects of the reflected light by submicron grooves and it displays that the
color evidently changeswith the observation angle. The iridescent color
relates to the wavelength of diffracted light which depends on both the
diffracted light angle and the groove spacing, and can be explained by
the grating equation

sinθi þ sinθd ¼ mλ
d

m ¼ 0;�1;�2;⋯ð Þ λ ¼ d sinθi þ sinθdð Þ
m

ð1Þ

where d is the groove spacing; λ is the wavelength of the diffracted
light; θi and θd are the incident angle and viewing angle, respectively;
and m is the diffraction order [27]. Angular dispersive power (δ) de-
scribes the resolution of diffraction angles for the diffracted light at dif-
ferent wavelengths. It is defined as follows:

δ λð Þ ¼ ∂θd
∂λ

¼ m
d cosθd

ð2Þ

It should be noted that a larger dispersive power means the more
obviously iridescent color. According to Eq. (2), at a larger diffraction
angle, the iridescent color appears as larger angle between the lines of
diffracted light. In addition, reducing the groove spacing can increase
the angle between all the spectral lines of diffracted light. According to
the grating-diffraction theory, most of the light intensity of diffracted
light is distributed in the first order diffraction (m= 1) and the groove
spacing near the visible-light wavelength (d→ λ) increases the light in-
tensity of the diffracted light. The saturation of induced iridescent color
will be increased due to the enhanced light intensity. Therefore, to en-
hance the iridescent effect for structural coloration and improve the ir-
idescent color with a high saturation, the groove spacing should be
reduced to the visible wavelength range as much as possible.

Since the iridescent color can only appear where there is submicron
groove array, a complex array composed of grooves with varying
lengths and depths is initially proposed in this paper, and it will display
as a complex colorful pattern due to the iridescent effect. This kind sub-
micron groove array termed two-level structure will be designedwith a
certain shape and manufactured to generate two-level iridescent
structures.
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2.2. Vibration-assisted fly cutting

To generate two-level iridescent structures by mechanical machin-
ing, the intuitive idea is to periodically modulate the cutting depth of
a cutting tool in machining structures. Fly cutting is a potential process
for generating grooves because of its high efficiency and the high quality
of the machined surface [28–30]. Specifically, workpiece feeding in the
spindle-axis direction in fly cutting can generate grooves in the visible
spectrum in a single step. During axial-feeding fly cutting, one groove
is generated per rotation of the cutting tool, and periodic grooves that
serve as gratings are generated by workpiece feeding perpendicular to
the rotation plane of the cutting tool. Prompted by modulation cutting,
the sinusoidal vibration of workpiece in the vertical direction can be
used in axial-feeding fly cutting, which is proposed to generate two-
level structures for iridescent structures.

Fig. 1 (a) presents a schematic of VAFC. The workpiece continuously
vibrates vertically with controllable frequency (b10 Hz) and amplitude
(within a fewmicrons) and feeds in the spindle-axis (Z) direction. Simul-
taneously, the fly-cutting tool rotates around the axis. The motion of the
cutting tool, together with the vibration and feeding of theworkpiece, re-
sults in a rowof two-level structures in single step. Themorphology of the
two-level structure can be divided into two orders: the first-order micro
geometric feature and the second-order submicron structures. The first-
order micro geometric feature corresponding to the shape of the irides-
cent structures is generated by the interference between the tool loci
Fig. 1. Schematic of VAFC: (a) process principle, (b) c
and the surface of the vibrating workpiece. The second-order submicron
structures are grooves with periodically varying depth and spacing,
which can serve as gratings to obviously induce iridescence of the pro-
posed two-level structures according to Eqs. (1) and (2).

In axial-feeding fly cutting, the width (w0) of the groove is deter-
mined by both the depth of cut (h) and the rotation radius of the cutting
tool (R), which can be expressed as

w0

2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− R−hð Þ2

q
ð3Þ

In VAFC, h and tool displacement (z) are function values that change
over time (t) and are given by

z ¼ vt

h ¼ Asin 2πft þ φð Þ þ k
ð4Þ

where A is the amplitude, f is the frequency, and φ is the initial phase of
the workpiece vibration, k is the offset distance, which is the distance
from the equilibrium position of the relative vibration of the tool to
the workpiece to the surface of the workpiece, and v is the feed velocity
of the workpiece in the Z direction. The coordinate of the origin in the
vertical direction is set when the tool loci lies tangent to the workpiece
surface. Derived from Eqs. (3) and (4), the functional relationship be-
tween w0 and z is given by
ross-section in the feeding direction of the tool.
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w0

2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 R−kð ÞAsin 2πf

v
zþ φ

� �
þ A2

2
cos

4πf
v

zþ 2φ
� �

−
A2

2
−2Rkþ k2

 !vuut
ð5Þ

which expresses the geometric feature of the two-level structure. The
geometric feature is a complex curve but has a definite period. Accord-
ing to Eq. (5), the first-order period (Tz) of the two-level structures can
be calculated as

Tz ¼ v
f

ð6Þ

which shows that the first-order period of the two-level structures gen-
erated by VAFC is determined by the feed velocity and vibration fre-
quency of the workpiece. In iridescent structure manufacturing, the
shape size not only affects the first-order feature of two-level structures
but also determines the efficiency for surface grooving. The length (lz)
andwidth (wx) of the two-level structures are proposed to characterize
the shape size.wx is equal tow0 when h is equal to the maximum value
hmax defined by Eqs. (3) and (4):

hmax ¼ Aþ k

wx ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2− R− Aþ kð Þ½ �2

q ð7Þ

Given a fixed rotation radius of the cutting tool, the length of the
two-level structure can be controlled by changing the amplitude and
offset the distance of the vibration According to Eq. (7).When the offset
distance is less than the amplitude, the length (lz) of a two-level struc-
ture can be determined by solving Eq. (4) when h is 0. However, lz is
equal to the first-order period when the offset distance is greater than
the amplitude. lz is given by:

lz ¼ 2 arcsin
k
A

� �
þ π

� �
v

2πf
arcsin −

k
A

� �
∈ −

π
2
;
π
2

h iv
f
; kNA

8<
: ; k≤A ð8Þ

Eq. (8) shows that the length of a two-level structure is subject to vi-
bration parameters and feed velocity.

The groove spacing (d) is the second-order period of the two-level
structures, which is determined by feed velocity, which can be
expressed as

d ¼ v
n

ð9Þ

where n is the rotating speed of the fly-cutting tool.
Fig. 1(b) presents the schematic of a cross-section in the feeding di-

rection of the tool, which illustrates that the two-level structures are
Fig. 2. 3D simulation model for the ge
formed because of the periodically regular arrangement of the submi-
cron grooves with varying depths. The mechanism of VAFC indicates
that to evidently generate two-level structures, the vibration frequency
of the workpiece has to be at least an order of magnitude lower than
that of the rotational frequency of the cutting tool. The rotational fre-
quency of the cutting tool typically ranges from 50 Hz to 100 Hz (with
a corresponding speed range of 3000–6000 rpm), which implies that
the vibration frequency of the workpiece has to be controlled within
10 Hz. A two-level structure can be directly generated per vibration pe-
riod, so the processing time of one two-level structure is completely de-
pendent on the vibration frequency. The groove spacing of the second-
order submicron grooves is determined by the feed velocity of the
workpiece.

2.3. Design of the two-level structure for VAFC

To demonstrate the VAFC process, a 3D model for generating two-
level structures using the proposed method is established by using
Matlab, as shown in Fig. 2. Specifically, to easily establish the model
without distortion, the workpiece vibration is regarded as the tool vi-
bration relative to the workpiece in this model. The helicoid rotary sur-
face shows the relative trajectory of fly-cutting tool to the workpiece
surface and consists of the compound tool loci. First-order geometric
features of the two-level structure are generated at the intersection be-
tween the helicoid tool trajectory and the workpiece, and the second-
order submicron grooves are generated because of the tool mark and
uniformly distributed in the two-level structures.

As investigated in sections 2.1 and 2.2, first-order geometric corre-
sponds to the shape of the iridescent structures and the groove spacing
of the second-order submicron structures induces the color of the two-
level structures, which achieves that shape and color of the two-level ir-
idescent structure can be controlled independently during VAFC.

To design andmanufacture two-level structures, the effects of the vi-
bration parameters on the first-order geometric feature are simulated
and predicted using the established model. Fig. 3 shows the simulation
analysis when the offset distance of the vibration is solely changed.
Fig. 4 illustrates the effects of different offset distances on the two-
level structures, and the three different offset distances are 0, A, and
2A. The horizontal axis represents the workpiece surface, thus the area
between the vibration trajectory and the horizontal axis forms as the
generated two-level structures. These observations clearly demonstrate
the following: offset distance less than A leads to interval two-level
structures corresponding to Fig. 4(a); offset distance A leads to adjacent
two-level structures corresponding to Fig. 4(b); and offset distance
greater than A leads to overlapping two-level structures Fig. 4(c). The
offset distance cannot only affect the adjacency forms of the two-level
structures but change the size of the structure as well, which is ex-
plained in Eqs. (7) and (8). With a change in offset distance, the adja-
cency form also changes, but the first-order period of the two-level
neration of two-level structures.



Fig. 3. Simulation analysis of the effect of offset distance.
Fig. 5. Simulation analysis of the effect of vibration frequency.
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structures remains the same, which shows the consistency of the simu-
lation result in Eq. (6).

The effects of vibration frequency on the geometric feature of the
two-level structures are illustrated in Fig. 5. The vibration frequency
mainly affects the first-order period of the two-level structures with-
out changing the width of the structures. The number of two-level
structures per unit length linearly increases with the frequency,
which makes the first-order period decrease. Three different vibra-
tion frequencies, f, 2f and 3f are simulated, as shown in Fig. 6(a),
(b) and (c). The simulation results and Eq. (6) demonstrate that
the frequency is the most effective method to improve the efficiency
for the mass generation of two-level structures on the workpiece
surface.

Fig. 7 illustrates the effects of the amplitude on the first-order
micro geometric feature of the two-level structures. Similar to the ef-
fects of offset distance, a change in vibration amplitude causes the
length and width of the two-level structures to change simulta-
neously but does not affect the period of the two-level structures.
Given a non-zero offset distance, three adjacency forms as well as in-
terval, adjacent, and overlapping two-level structures can be gener-
ated by regulating the vibration amplitude. When the offset distance
is zero, changes in vibration amplitude can only affect the width of
the two-level structures and not the length. Fig. 8(a), (b) and (c) il-
lustrate the simulated two-level structures with amplitudes A, 2A
and 3A, respectively, when the offset distance is zero. These simula-
tions substantially explain the effects of amplitude on the two-level
structures and are consistent with the earlier calculations, which val-
idate the feasibility of the methodology for two-level structures by
VAFC.
Fig. 4. Two-level structures with different adjacent forms: (a) Interval two-level stru
3. Experimental setup development

3.1. Equipment for two-level structure generation

As analyzed above, the vibration frequency of the workpiece has to
be controlled within 10 Hz in VAFC. The low-frequency vibration stage
as the key component with controllable vibration frequency is needed.
Fig. 9 presents the schematic of the designed vibration stage and its in-
stallation diagram. The vibration stage mainly consists of a vibrator, a
vertical actuator, and a fixture. The vibrator consists of piezoelectric
transducers and provides the designed vibration. The vertical actuator
can control the height of the vibrator to precisely adjust the initial
height of the workpiece surface. The fixture is designed to camp the
workpiece and connect it with the vibrator. Vertical vibration is
achieved by driving the piezoelectric transducer at a low frequency in
the vertical direction. The nanoscale positioning and vibration of the vi-
brator in the vertical direction are regulated by a responsive and high-
accuracy controller. The working parameters of the vibration stage are
listed in Table 1.

An ultraprecision machine, Nanoform X (Precitech Corporation,
USA), is modifieded for VAFC (Fig. 10). The grooving arbor is coaxially
fixedwith the spindle to be driven for high-speed rotation. The dynamic
balance is adjusted using the equipped balance systemof the ultrapreci-
sionmachine, reducing the peak-to-valley value to b10 nm. The spacing
of the proposed submicron grooves is within the visible spectrum, thus
a 90° V-shaped cutting tool made from single-crystal diamond is used
and mounted in the radius direction at the end of the grooving arbor.
The vibration stage is mounted on the B-axis platform of the ultrapreci-
sion machine, and the workpiece is clamped with the fixture on the vi-
bration stage. Under the control of the computerized numerical control
(CNC) system, the Z-axis with a moving straightness of 0.1 μm/50 mm
ctures, (b) Adjacent two-level structures, (c) Overlapping two-level structures.



Fig. 6. Two-level structures simulated with different frequencies: (a) Frequency of f, (b) frequency of 2f, (c) frequency of 3f.

Fig. 7. Simulation analysis of the effect of amplitude.
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can contribute to precise workpiece feeding. The programming resolu-
tion accuracy of the ultraprecision machine is 0.1 nm. Both tool setting
and regulation of the depth of cut are accomplished using the position-
ing function of the vibration stage.

The frequency and amplitude in VAFC can be controlled via excita-
tion signals, which could be adjusted using the controller. Offset dis-
tance is the nominal h and can be controlled using the positioning
function of the vibration stage. The feed velocity of the Z-axis, the only
parameter to control the groove spacing for iridescent coloration of
two-level structures, can be controlled by programming.

The vertical position tolerance of the workpiece surface needs to be
controlled b100 nm, and the plane is machined by fly cutting before
processing the two-level structures. In planing process, an arc-edge di-
amond tool (R5) is mounted at the end of the grooving arbor, and the
roughness of the plane is kept within 10 nm.
Fig. 8. Two-level structures simulated with different amplitudes:
3.2. Optical-test device for two-level structure evaluation

To detect the iridescence of the generated two-level structures,
optical-test device was developed as shown in Fig. 11. The white light
from the light source is collimated using a collimating lens and was
then irradiated on the workpiece surface machined with two-level
structures. The diffraction light reflected from the surface transmits
through the objective lens, and then is recorded by the image sensor.
Themachinedworkpiecewasmounted on a two-stage turntable to con-
trol the incident angle and viewing angle separately. According to the
diffraction equation, the diffracted color is determined by the incident
angle, viewing angle, and spacing of the grooves. Given the incident
angle and spacing of the grooves, only specific diffracted light can be ob-
served in a specific viewing-angle direction, resulting iridescence. The
wavelength of the diffracted light increases with the increase of the
viewing angle. To detect the iridescent effect of the two-level structures,
the incident angle and spacing of the second-order grooves were held
constant.
4. Results and discussions

4.1. Surface morphology in VAFC

The nickel phosphorus (Ni\\P) with high-quality and destruction
resistance is utilized to manufacture the two-level microstructures,
which has been investigated in our previous research [28,31]. The pre-
liminary machined surface with numerous two-level structures is
shown in Fig. 12. Manufactured two-level structures on the surface are
divided into two groups, the ordinary two-level structures and the
two-level iridescent structures, in terms of the spacing of the second-
order grooves. Ordinary two-level structures with groove spacing of
3–5 μm cannot present viewing-angle-dependent colors. Whereas, the
two-level iridescent structures with groove spacing of 500–800 nm
clearly present viewing-angle-dependent colors which is referred to as
iridescent colors. In essence, these viewing-angle-dependent colors
(a) Amplitude of A, (b) amplitude of 2A, (c) amplitude of 3A.



Fig. 9. Schematic of the designed low-frequency vibration stage: (a) designed vibration stage, (b) installation diagram.

Table 1
Working parameters of the vibration stage.

Parameter Value

Maximum loading (kg) 20
Positioning resolution (nm) 10
Vibration frequency (Hz) 0–10
Maximum amplitude (μm) 20
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are attributed to the grating diffraction of the second-order submicron
grooves.

Fig. 13(a) presents the several two-level structures produced on the
workpiece surface under the following conditions: spindle speed of
3000 rpm, cutting tool rotation radius of 30 mm, feed velocity of
Fig. 10. Photograph of t
2.1 mm/min, a vibration amplitude of 0.6 μm, and a offset distance of
0 μm. To better investigate the morphology of two-level structure, the
vibration frequency is set to 0.05 Hz. The workpiece vibration used is a
sinusoidal vibration. A two-level structure was efficiently generated in
20 s, which was determined by the vibration frequency. The first-
order micro geometric feature is attributed to the variation in h. The
hemiprofile of the first-order micro geometric feature is similar to a
sine waveform, which is consistent with the simulation results. Accord-
ing to the simulation results, adjacent two-level structures will be gen-
erated if the offset distance equals zero. By contrast, spacing exists
between the structures when the offset distance is zero, which origi-
nates from a tool-setting error andminimal cutting thickness. To inves-
tigate the second-order morphology of the two-level structure, the
central area of the two-level structure was measured by scanning
he VAFC platform.



Fig. 11. Optical-test device for the two-level structure evaluation.
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electron microscopy (SEM). Fig. 13(b) shows the profile of the second-
order submicron grooves using the LEXT OLS5000 (OLYMPUS, Japan).
The submicron grooves with high uniformity and quality have an ap-
proximate spacing of 700 nm.

As discussed before, the spacing of the second-order submicron
grooves can be regulated by the feed rate. The second-order submicron
grooves with spacing of 800 nm, 600 nm, 400 nm and 200 nm are cre-
ated using feed rate of 2.4 mm/min, 1.8 mm/min, 1.2 mm/min and
0.6 mm/min, respectively, as shown in Fig. 14. The spacing range has
completely covered the visible spectrum. These machined submicron
grooves all have good quality and consistency. The actual spacing is con-
siderably close to the desired value, which indicates its feasibility for
controlling groove spacing for iridescent coloration by VAFC. In the
submicron-scale machining, the topography accuracy of grooves with
bigger spacing is higher than those with smaller spacing. Meanwhile,
the grooves with even 200 nm spacing are still high-regularly arrayed
and have a high parallelism, which verifies that the experimental
setup is dominant in the generation of submicron grooves for structural
coloration and the proposed process method and simulation model is
feasible for generating two-level iridescent structures.
Fig. 12. Fabricated surface with two-level structures.
4.2. Regulation of two-level structures

The diffracted color of the two-level structures with definite groove
spacing is determined at the fixed incident angle and the viewing angle,
so the diffraction color induced by submicron grooves can be regulated
by controlling the feed velocity. Regulation of the first-order micro geo-
metric feature can affect the shape of the two-level structures. Thus, the
main objective is to regulate shape of the two-level structures for vari-
ous iridescent structures. Offset distance, vibration frequency, and vi-
bration amplitude are the three key parameters affecting the first-
ordermicro geometric feature, as predicted in simulations. Experiments
were conducted under different processing conditions. The sizes of the
generated two-level structures were measured (Table 2). The following
parameters were applied for all cases: spindle speed of 3000 rpm, cut-
ting tool rotation radius of 30 mm, and feed velocity of 2.1 mm/min.

Fig. 15 shows four groups of generated two-level structures (corre-
sponding to Nos. 1–4 in Table 2), measured with a Keyence microscope
(VK-X100) using a laser scanningmodel. Fig. 15 (a) and (b) show inter-
val two-level structures and overlapping two-level structures produced
by VAFC using different offset distances. Interval two-level structures
exhibit an isolated distribution of the structures. Meanwhile, overlap-
ping two-level structures are closely linked structures and have a
wavy profile. As discussed in Section 2, an offset distance less than the
amplitude can induce interval structures, whereas an offset distance
greater than the amplitude can induce overlapping structures. As ob-
served from the results, offset distance affects both the length and
width of the two-level structure without changing the period, which
largely remains consistent with the simulation result.

To evaluate the effects of vibration frequency on the first-order
micro geometric feature, a vibration frequency of 1 Hzwas used to gen-
erate two-level structures by VAFC (Fig. 15(c)). Compared with the
0.05 Hz frequency in Fig. 15(b), the 0.1 Hz frequency halved the first-
order period of the two-level structures. As discussed in Section 2.1,
the first-order period of the two-level structure is determined by feed
velocity and vibration frequency. The feed velocity is kept constant to
generate definite spacing of the second-order grooves for the iridescent
color. The first-order period of the two-level structures can then be reg-
ulated by changing the vibration frequency. Although thefirst-order pe-
riod of the two-level structures correspondingly changes with the
frequency, thewidth and adjacency form of the two-level structures re-
main the same when the other parameters are given and fixed. There-
fore, the first-order period of two-level structures can be controlled



Fig. 13. Morphology of the two-level structure induced by VAFC: (a) SEM photograph of two-level structure, (b) morphology of the second-order submicron grooves.
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with high specificity and efficiency by regulating the vibration
frequency.

Control experiments were conducted to investigate the effects of vi-
bration amplitude on the first-order micro geometric feature. The re-
sults are shown in Fig. 15(a) and (d). Two different vibration
amplitudes, 0.6 μm and 1.8 μm, were used to generate two-level struc-
tures while the other parameters are kept constant. These two-level
structures are classified as the interval structures because of the offset
distances of the two processes being less than their amplitude. In addi-
tion, the lengths of the two-level structure in Fig. 15(d) are greater than
those in Fig. 15(a) owing to the nonzero offset distance, which is consis-
tent with the simulation results. Thewidth of the two-level structure in
Fig. 15(d) is greater than that in Fig. 15(a), which confirms that greater
amplitude can increase the width of two-level structures processed by
VAFC. The aforementioned analysis indicates that the relative size be-
tween the vibration amplitude and offset distance can affect the size
and adjacency form of two-level structures. However, the vibration am-
plitude is easier to control than the offset distance. Therefore, the vibra-
tion amplitude is widely used to regulate the adjacency form and size of
the two-level structures when the offset distance is first fixed and kept
constant during processing.
On the basis of the proposedmethod, two-level structureswere gen-
erated on the surface. The effects of the processing parameters on the
two-level structures were evaluated, and regulation of the two-level
structure was demonstrated by controlling the offset distance, vibration
frequency, and amplitude. Regulating the first-order micro geometric
feature can be potentially used as an approach to controlling the irides-
cent structure shapes. The errors between the theoretical andmeasured
sizes of the two-level microstructures were demonstrated to be negligi-
ble. These results confirm that the simulation model exhibits high pre-
diction accuracy and can be used to design two-level structures.
4.3. Iridescent color induced by the two-level structure

The generated two-level structures exhibited preliminary irides-
cence under natural light, which shows the viewing-angle dependence
of colors. Two-level iridescent structures were generated, displaying
vivid colors. The iridescent colors were attributed to the second-order
grooves induced by VAFC. The second-order grooves with varying
length and depth served as diffraction gratings, resulting in the irides-
cence of the two-level structures.



Fig. 14. Second-order submicron grooves with different spacing: (a) 800 nm, (b) 600 nm, (c) 400 nm, (d) 200 nm.
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The iridescent effect of the generated two-level structures was de-
tected (Fig. 16). These two-level structureswith different geometric fea-
tureswere induced byVAFCwith the same feed velocity of 2.1mm/min.
Thus, the second-order grooves of the two-level structures had a spac-
ing of 700 nm. The incident angle of the collimated light was set to 0°
and was held constant for all detections. Fig. 16 (a) presents the two-
level iridescent structures recorded by the image sensor at a viewing
angle of 65°. Iridescent structures with different shapes exhibit the
same red color without any coating material and pigment. According
to the diffraction equation, given a spacing of 700 nm and an incident
angle of 0°, the diffracted wavelength at the viewing angle of 65° is
634 nm, which falls within the red wavelength range of 622–760 nm.
The red color was generated at the viewing angle of 65° owing to the ir-
idescent effect. Similar results were obtained at the viewing angles of
55° and 45°, where the diffracted wavelengths calculated at 573 and
495 nm were within the green wavelength range of 500–577 nm and
cyan wavelength range of 450–500 nm, respectively. Thus, these two-
level structures showed green color [Fig. 16(b)] at the viewing angle
of 55° and cyan color [Fig. 16(c)] at the viewing angle of 45°. Moreover,
the diffracted light of any wavelength can be caught at a corresponding
viewing angle to generate iridescent colors.
Table 2
Effects of VAFC parameters on the types of two-level structures.

No. k
(μm)

f
(Hz)

A
(μm)

Tz
Theoretical /Measured value (μm)

1 0.2 0.05 0.6 700/703
2 1.5 0.05 0.6 700/701
3 1.5 0.1 0.6 350/348
4 0.2 0.05 1.8 700/706
The generated iridescent structures at different diffracted angle ex-
hibit high vividness and saturation, and the diffracted color uniformly
cover thewhole surface of the first-order geometric feature. These find-
ings confirm the excellent color-rendering ability of two-level struc-
tures induced by VAFC. The geometric feature of two-level structures
can be used to induce varieties of iridescent structures, which can be
regulated by controlling the processing parameters. The combinations
of these iridescent structures can be inferred to produce complex im-
ages, which can be used in anti-counterfeiting, color printing and so on.

5. Conclusion

To directly induce structural color patterns, vibration-assisted fly
cutting (VAFC) was proposed to generate two-level iridescent struc-
tures. Theoretical analysis, simulations and experiments are conducted
to design and fabricate iridescent structures. The iridescent colors of
the two-level structures are detected and analyzed. The main conclu-
sions are drawn as follows:

(1) Low-frequency vibration of the workpiece is introduced in axial-
feedingfly cutting to generate two-level structures, including the
wx

Theoretical/Measured value (μm)
lz
Theoretical/Measured value (μm)

438/435 426/420
710/709 700/701
710/706 350/348
693/685 375/371



Fig. 15. Regulation of shape-controllable two-level structures by using the machining parameters labeled as (a) No. 1, (b) No. 2, (c) No. 3, (d) No. 4.

Fig. 16. Fabricated two-level iridescent structures at viewing angles of (a) 65°, (b) 55°, and (c) 45°.
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first-order micro geometric features and the second-order sub-
micron grooves.

(2) A geometricmodel is established to design and fabricate the two-
level iridescent structures, and the first-order geometric features
corresponding to the shapes of the iridescent structures are pre-
cisely regulated by controlling the vibration parameters and the
fly cutting condition.

(3) The second-order submicron grooves with spacing covering the
whole visible spectrum are precisely created and arrayed to
form the feature of the first-order microstructures through
VAFC. The high-saturation diffracted colors verify the precisema-
nipulation of the second-order submicron grooves on the irides-
cent color.

Two-level iridescent structures show high saturation and unifor-
mity, which proves the good color-rendering ability of the created
two-level structures and is potentially applied to micro-optics, display
devices and functional decoration.
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